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ABSTRACT A protein corona is formed at the surface of nanoparticles in the presence
of biological fluids, masking the surface properties of the particle and complicating the
relationship between chemical functionality and biological effects. We present here a series
of zwitterionic NPs of variable hydrophobicity that do not adsorb proteins at moderate
levels of serum protein and do not form hard coronas at physiological serum concentra-
tions. These particles provide platforms to evaluate nanobiological behavior such as cell
uptake and hemolysis dictated directly by chemical motifs at the nanoparticle surface.
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urface functionalization of nanoparti-
cles (NPs) is an essential tool to mod-
ulate the behavior of these materials
both in vitro and in vivo."* The biodistribu-
tion,” toxicity, and clearance®® of nanoma-
terials can be regulated through controlled
chemical modifications. However, when
NPs are exposed to biofluids, such as plasma
or serum, proteins and other biomolecules
adsorb on the surface of these materials
(Figure 1a).”~° This in situ formation of a
“protein corona”'®'! masks the engineered
functionalities on the nanoparticle surfaces,
dramatically changing the nature of their
interaction with biosystems.'>~'* For exam-
ple, the targeting efficacy of antibody-
functionalized NPs are compromised due
to the high levels of opsonization.”® Like-
wise, the study of correlations between
surface functionality and biological activity
is challenging, as the results are subject to
the interplay between the chemical moieties
and the corona, rather than depending on
the functionalities themselves.'”'®
Many approaches have been investi-
gated to prevent the formation of the pro-
tein corona to provide NPs with nonfouling
properties. One classical approach is the use
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of a noncharged poly(ethylene glycol) (PEG)
polymer that prevents the NP from adsorbing
proteins.'®* However, it has been observed
that PEG-functionalized NPs do indeed inter-
act with certain plasma proteins, inducing the
activation of different immune responses.?’
Moreover, systematic changes in the surface
properties of PEG-functionalized NPs are dif-
ficult to achieve as the absence of charge
allows the internalization of pendant hydro-
phobic functionalities, reducing exposure.??
An alternative to the use of PEG is the incor-
poration of zwitterion functionalities onto
the NP surface, including amino acids® and
polybetaines.* The strong electrostatic bind-
ing of water with zwitterions (as opposed
to water hydrogen bonding with PEG) has
been postulated as the rationale behind the
high degree of stability and nonfouling prop-
erties observed with zwitterionic systems.*®
However, pH dependence of carboxy-based
systems®® and the difficulty of systematic
functionalization®”%® limit the ability to con-
trol surface properties while maintaining bio-
compatibility and corona-free character.
Herein, we report the synthesis and use
of a new family of NP surface coverages
that exhibit tunable hydrophobicity while
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Figure 1. (a) Reversible adsorption of proteins and formation
of irreversible hard corona over the NP surface. (b) Structures
of the nonfouling NPs, along with TEG, NP+, and NP— controls.
The ligand structure consists of a hydrophobic interior that
confers stability to the NP core, an oligo(ethylene glycol) chain
used as a first layer for biocompatibility, and the zwitterionic
headgroups to confer ultrafouling properties. The zwitterionic
headgroups (the NP surface) differ only in their hydrophobi-
city, whose relative values can be estimated by the calculated
log P of the terminal functionality. (c) Correlation of the
calculated log P with toluene/water interfacial tension.

preventing the formation of a protein corona. This
nanoparticle ligand design maintains corona-free be-
havior at moderate protein levels and prevents the
irreversible formation of “hard” corona at physiological
serum concentrations, while allowing properties such
as hydrophobicity to be varied. These “naked” particles
allow a systematic molecular structure-based assess-
ment of the effects caused directly by the NP surface,
including cellular uptake and hemolytic activity.

RESULTS AND DISCUSSION

The chemical design of the NP ligand is based on a
combination of a short oligo(ethylene glycol) spacer
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with sulfobetaine termini (Figure 1b). This combination
has been shown to provide better stealth properties
to NPs compared to the ethylene glycol chains alone.?®
Hydrophobicity was chosen as the chemical variable
due to the significant role played by this parameter at
the nano—bio interface, including protein—NP interac-
tion, 33" cellular uptake,'® toxicity,>*3* and immune
system recognition.>**> The degree of surface hydro-
phobicity was controlled with these ligands by sys-
tematically engineering the quaternary ammonium ni-
trogen (Figure 1b, synthesis and characterization de-
scribed in the Supporting Information, Figures S1—S11).
All particles were fabricated from a 2 nm gold core, a
factor that contributes to the observed corona-free
character, given the reduced protein adsorption” and
the increased plasma stability of small nanoparticles.>®
In addition, these NPs offered us a suitable system
for structure—activity relationship (SAR) studies, as the
physicochemical parameters of the NPs, such as the
hydrodynamic radii and zeta-potential, remained con-
stant (Table 1).

A numerical descriptor is commonly employed in
SAR studies to represent the property that is being
tested. Computational calculation of the n-octanol/
water partition coefficient of the NP headgroups
(log P of R groups, Figure 1b) provides a readily
accessible means to describe the relative hydrophobi-
city of NPs.3” These calculated values were correlated
with water/toluene interfacial tension (IFT) measure-
ments, a technique that has been used to describe the
effective surface hydrophobicity of NPs independent
of the material of origin.3® As can be observed in
Figure 1c, the calculated log P values and the experi-
mental IFT results are essentially linearly correlated,
indicating that the hydrophobicity of the NPs is pre-
dicted by the log P descriptor. The very low threshold
of values of the IFT of these NPs evidenced their high
degree of amphiphilicity, a characteristic that is on
favor of their colloidal stability despite the overall
neutral zeta-potential. ZDiPen represents the limit in
terms of hydrophobicity: if the log P of the headgroup
is above 4.5 (IFT < 0), or if the length of the straight-
chain substituents is larger than six carbons, the NPs
were insoluble in water.

To determine the preliminary interactions of the
synthesized NPs with proteins,?®3 dynamic light scat-
tering (DLS) measurements were recorded in the pre-
sence of 1% serum, the highest concentration that did
not overwhelm the NP signal (Figure S13; experiment
also performed in 1% plasma, Figure S15). The principal
change in the DLS profile of serum after the addition of
NP+ (cationic), NP— (anionic), and TEG (neutral oligo-
(ethylene glycol)-capped particles) was the shift of the
~9 nm hydrodynamic diameter (dy,) peak to ~20 nm,
evidencing the formation of discrete protein—NP com-
plexes, namely, the protein corona (Figure 2a,b). For
NP+, the formation of a peak above 1000 nm was also
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TABLE 1. Nanoparticle Physicochemical Properties

hydrodynamic size (nm)  hydrodynamic size (hnm)  hydrody ic size (hnm)  zeta-p ial (mV)  zeta-potential (mV) calculated log P
nanoparticle in water in PBS in cell culture media in 5 mM PB pH 7.4 in water of the ligand headgroup
IMe 6.7 £ 1.1 79 £ 20 84415 —6.8 £ 5.5 —179 £ 50 0.2
ZBu 81416 78 £15 72 £19 —77£59 —15.6 £ 34 1.9
ZHex 84421 79+ 16 874123 —29+89 —19.8 £ 35 28
IDiBu 72£19 8319 73£19 —56£93 —148 £72 35
IDiPen 72 £18 76 £19 69419 —544+9.1 —178 £3.7 45
NP+ 97 +28 9.0 £ 26 9.6+ 27 16.9 £ 13.6 45.1 +10.0
NP— 69 4+ 2.1 76 £18 70 £19 —282 + 49 —547 £ 13.6
TEG 70 £18 86+ 29 6.7 £ 1.7 —09+£76 84+59
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Figure 2. (a) Particle size distribution for cationic NP+ and zwitterionic particle ZMe in the presence and absence of serum
proteins (1% serum, background) evidencing the formation of NP/protein complexes (~20 nm) with NP+ but not with ZMe
(complete spectra and additional analysis in plasma in Supporting Information). (b) Lack of corona formation for zwitterionic
particles in serum and corona formation for TEG (lacking zwitterionic headgroup) and anionic NP—. (c) Comparison between
the experimental DLS profiles of each NP in serum with the additive histogram of the combination of the individual serum and
NP. (d) Residuals of the spectra in serum after removing the individual NP and serum histograms, evidencing corona and
aggregate formation for NP+ with minimal residual observed for ZMe (additional NPs in Figure S14). (e) Dilution studies
showing lack of hard corona formation for ZMe after incubation in 55% human serum, with contrasting behavior by the
cationic NP+ particle. (f) Sedimentation experiments for the series of NPs in 55% plasma showing that zwitterionic NPs ZMe to
ZDiPen did not aggregate, in contrast to NP+, NP—, and TEG that formed pellets.

observed, indicating the presence of extended pro-
tein—NP aggregates (Figure S13). In contrast, only the
peak at ~9 nm was observed with the zwitterionic NPs
ZMe to ZDiPen (Figure 2a,b). These results can easily be
contrasted by comparing the predicted histogram in
the case where no corona is formed (the addition of the
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individual serum and NP histograms) with the experi-
mental DLS distribution after mixing the NPs with
serum (Figure 2c). As observed in Figure 2d, the sub-
traction of the experimental histograms from the pre-
dicted additive histograms shows that while NP+
presents residuals at the ~20 and ~1000 nm zones
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indicative of both aggregation and corona forma-
tion, ZMe has minimal residual, indicating the absence
of corona at these protein levels (additional NPs in
Figures S14 and S16).

Corona formation involves both reversible and irre-
versible (hard corona) adsorption of proteins on the NP
surface (Figure 1a).*°~*2 While we were unable to verify
the lack of reversible protein adsorption at physiologi-
cal serum concentrations, we were able to verify the
absence of hard corona formation on zwitterionic NPs
through incubation and dilution. For this purpose, we
incubated the set of NPs with 55% human serum at
37 °C for 30 min, diluted the solutions, and recorded
DLS measurements to observe if irreversible pro-
tein—NP interactions had occurred for the controls
and if crowding effects may alter the absence of corona
for the zwitterionic NPs. As observed in Figure 2e,
although the peak of the NP—protein conjugates
(>1000 nm) for NP+ decreased when the sample was
diluted, the peak at ~20 nm that describes discrete
NP—protein complexes remained present after dilu-
tion, indicating a strong irreversible protein binding
(hard corona). Similar results were obtained for NP—
and TEG, suggesting that the larger protein—NP con-
jugates dissociated and only the discrete ones re-
mained after dilution (Figure S17). In contrast, for NPs
ZMe—ZDiPen (Figures 2e and S17), the ~9 nm peak
was the only one observed, indicating the absence of
an irreversible protein layer (hard corona).

Further studies using electrophoresis established
that zwitterionic particles ZMe—ZDiPen are noninter-
acting in plasma (55% in PBS, v/v), a more complex
matrix. As expected, the mobilities of cationic NP+ and
anionic NP— were affected by the presence of proteins
due to the corona formation. In contrast, similar mobi-
lities were observed for the zwitterionic NPs in the
presence and absence of plasma proteins (Figure S18).
Likewise, TEG presented a minimal difference between
the two conditions, and the subtle band movement in
the presence of protein presumably occurs due to NP
aggregation. Despite these results, gel electrophoresis
does not provide a definitive result on the absence
of corona formation due to the poor mobility of all of
the NPs in the agarose matrix. To further corroborate
our hypothesis, sedimentation experiments were per-
formed in the presence of 10%, 55%, and undiluted
plasma, mimicking in vitro and in vivo conditions.** As
expected, while NP+ formed a pellet, NPs ZMe to
ZDiPen presented minimal or no aggregates even at
physiological plasma levels (Figure 2f and Figure S19a,
with no pellets formed even under ultracentrifuge
conditions). These qualitative observations were vali-
dated by UV measurements of the supernatants before
and after the sedimentation process (Figure S19b).
NP— presented a pellet of smaller size than NP+, a
result that correlates with the observations by DLS and
gel electrophoresis. Significantly, TEG NP presented
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sedimentation similar to the one observed for NP+.
This outcome mirrors the results from DLS experiments
and is consistent with previous findings that postulate
the recognition of PEG functionalities by proteins of
the bloodstream.?'

We wanted to observe if we were able to obtain
pellets for the zwitterionic NPs using other variants of
the sedimentation experiments and also confirm that
the sedimentation of NP+ was due to the formation
of corona and no simple NP precipitation. To this end,
we repeated the sedimentation experiments using
different sucrose gradients, a technique that has been
used to separate NP/protein complexes from NPs
alone.'® Under these conditions, we obtained similar
results as with the direct sedimentation experiments,
with a thick pellet only observed for NP+ (Figure S20a).
We further ran a SDS-PAGE gel treating all the samples
as if precipitation was observed, and from the results, it
can be observed that NP+ did adsorb proteins over the
surface while ZMe—ZDiPen behave as the negative
control (serum only, no NPs added, Figure S20b). This
further confirms the absence of irreversible protein
adsorption over the surface of zwitterionic NPs at
physiological protein levels. It is important to note that
we did observe a very faint precipitation for the more
hydrophobic NPs; however, this precipitate was redis-
solved in the washing steps with PBS (intended to
remove loosely bound proteins). This result indicates
that even if NP/protein interactions are observed at
large values of hydrophobicity, these interactions are
reversible and no hard corona is formed.

Once the absence of corona was established,
we investigated the effects of NP hydrophobicity on
cellular uptake,** a phenomenon critically affected by
the NP surface and the protein corona.**~*¢ For this
purpose, uptake studies were performed in serum-
containing and serum-free media, conditions that
critically affect the trend of uptake of NPs of varying
hydrophobicity.'® As seen in Figure 3a, there was an
increase in cellular uptake with increasing surface
hydrophobicity for both cases. In previous studies,
when NPs were exposed to the cells in serum-free
conditions, increasing hydrophobicity increased cell
uptake, similar to the results that we obtained.'® How-
ever, when the studies were performed in media with
serum, increasing the hydrophobicity of NPs led to
greater protein adsorption over the NP surface,*
which in turn reduced the cellular uptake.*®**° In con-
trast to these prior systems, we obtained similar cellular
uptake trends for NPs ZMe—ZDiPen both in the pre-
sence and in the absence of serum. This result indicates
that direct correlations between the NP surface chem-
istry and biological responses can be assessed with
these NPs, providing further proof of the absence of
proteins on the NP surfaces and the direct presentation
of the chemical motifs to the cellular environment.
As expected, overall uptake was low>® and there was a
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Figure 3. (a) Cellular uptake (MCF7 cells, 3 h) of zwitterionic
NPs ZMe to ZDiPen and NP+ in presence and absence (inset)
of serum, showing similar uptake trends for both experi-
mental conditions (24 h result in Figure S21). (b) Hemolytic
activity of the NPs at different time points and in the presence
and absence of plasma (NPs at a concentration of 500 nM
unless otherwise stated).

marked difference in the absolute amount of NP
uptake in the presence and absence of serum (~2-fold
higher uptake without serum). This latter phenomenon
has been observed previously for other particles in-
dependent of their charge,*"2 possibly due to nonspe-
cific binding of proteins and NPs to the cell membrane, a
competitive process that slows the uptake of NPs when
proteins are present.'”>2 This phenomenon may be the

METHODS

Nanoparticle Synthesis and Characterization. Please refer to the
Supporting Information for a detailed description of the ligand
synthesis, nanoparticle functionalization, and characterization.

Interfacial Tension. The dynamic interfacial tension of the
NPs at the toluene—water interface was measured by the
pendant drop method using an OCA20 measuring instrument
(Dataphysics, Stuttgart). A syringe filled with an aqueous solu-
tion of NPs (1 uM) connected to a blunt needle was fixed
vertically with the needle immersed in the toluene phase. A
small amount of solution was injected from the syringe to
form a drop. The variation of drop shape with time until
equilibrium (interfacial tension) and drop fall was captured
by automated camera. The measurements were performed
in triplicate.
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rationale behind the fact that the trend of cellular
uptake with NP hydrophobicity in serum was more
evident at 24 h (Figure S21). Finally, it is important to
note that at the conditions of the study the nanoparti-
cles were noncytotoxic (Figure $22).

Due to the corona-free character, these NPs have the
potential for long blood circulation times,>® increasing
the possibility of hemolytic activity. As such, hemolytic
assays were performed as a means to probe the com-
patibility of the NPs with red blood cells (RBCs).>*>> NPs
ZMe to ZDiPen were incubated with RBCs isolated from
commercially purchased human whole blood. The
experiments were performed both in the presence
and in the absence of blood plasma.*® The results
(Figure 3b) provide evidence that no significant cell
lysis was elicited by the zwitterionic NPs either in the
presence or in the absence of plasma. Hemolytic
activity was only observed for the more hydrophobic
NP (ZDiPen) at 24 h without plasma proteins, consis-
tent with a critical change in the behavior of NPs at
extreme values of hydrophobicity. However, it is im-
portant to note that during the half-life that is expected
for these particles (~6 h),%® no significant hemolytic
response was observed in the presence of plasma
proteins for the zwitterionic NPs.

CONCLUSION

In summary, we have demonstrated that sulfobe-
taine headgroups can be engineered to provide parti-
cles with controlled hydrophobicity. These particles
do not adsorb proteins at moderate serum protein
concentrations nor do they form a hard corona at
physiological serum conditions. The ligand design
provides the potential to directly control the interac-
tion of the nanomaterials with biosystems without
interference from protein binding. As such, these
coverages provide promising scaffolds for delivery
vehicles and self-therapeutic systems. They also open
new avenues for probing the fundamental nature of
the nano—bio interface through direct interfacing of
synthetic and biological components without inter-
mediary complications arising from the protein corona.

Dynamic Light Scattering. DLS profiles were recorded in 1%
human serum (~16 uM protein concentration) diluted in
phosphate buffered saline (PBS, pH 7.4) at 37 °C with NPs at
a concentration of 1 M using a Malvern Zetasizer Nano ZS.
For the dilution profiles, NPs at a concentration of 50 uM
were incubated for 30 min at 37 °C in 55% human serum,
then diluted accordingly. The subtraction of the individual
NP and serum spectra from the “NP in serum” results was
done point by point using normalized data to take into
account the concentration of each species (spectra of in-
dividual NPs and serum reported as normalized). The results
are reported as % number when individual NPs are analyzed
(characterization) and as % volume for the NP/protein
mixtures due to the dependence on the different refractive
index of each entity.
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Sedimentation. To a solution of 10 and 55% plasma (in PBS) and
undiluted plasma, NPs were added to achieve a final concentration
of 500 nM (500 uL total volume). The solutions were incubated for
5 min, and the tubes were subjected to centrifugation for 30 min at
14000 rpm. After centrifugation, 200 uL of the supernatant was
transferred to a 96-well plate alongside 200 uL of the same mixture
before the centrifugation. The absorbance values were measured
at 506 nm, which is the wavelength at which NP concentration
is determined. The absorbance generated by the proteins was
subtracted using a blank protein sample with no particles. UV
differences were significant only at 10% plasma, as the proteins
have much more interference at 55% plasma. All NPs and blank
samples were prepared in triplicate. For the sucrose gradients,
NP samples in undiluted serum/plasma were centrifuged at
14000 rpm for 30 min using a sequential gradient of 24, 12, and
6% sucrose and a sharp gradient of 24% for the gel. Ultra-
centrifugation experiments were run at 60 000 rpm for 1 h.

Agarose Gel Electrophoresis. Agarose gels were prepared in PBS
at a 0.5% final agarose concentration. NPs at a concentration
of 1 uM were incubated with or without 55% plasma in PBS for
15 min, and 2 uL of 50% glycerol was added to the solution to
ensure proper gel loading. The mixture was loaded in each well,
and the gels were run at a constant voltage of 100 V for 30 min.

Protein Isolation from NPs and SDS-Polyacrylamide Gel Electrophoresis.
NP+ and NPs ZMe—ZDiPen (0.5 uM) were incubated in un-
diluted human serum for 24 h at 37 °C. After incubation, serum—
NP mixtures were loaded onto a sucrose cushion (24%) to rapidly
separate NP—protein complexes from serum by centrifugation at
14000 rpm for 30 min.'* The supernatant was carefully removed,
and the residues were washed with 1 mL of PBS three times.
Proteins were eluted from the nanoparticles by adding 4x
Laemmli sample buffer (Biorad 161-0747) with 2-mercaptoethanol
to the pellet and subsequent incubation at 95 °C for 5 min. For
1D gel electrophoresis, 20 uL of recovered proteins in sample
buffer was separated on a 12% SDS-PAGE gel. Gels were run at
the constant voltage of 150 V for 1 h, and silver staining was
performed to visualize the bands according to the previously
published protocol.>” A 0.1% human serum sample was also run
for comparison.

Cellular Uptake. MCF7 cells (breast adenocarcinoma) were
cultured at 37 °C under a humidified atmosphere of 5% CO.,.
The cells were grown in low glucose Dulbecco's modified Eagle's
medium (DMEM, 1.0 g/L glucose) containing 10% fetal bovine
serum and 1% antibiotics (100 U/mL penicillin and 100 xg/mL
streptomycin). For the uptake experiment, 20 000 cells/well were
plated in a 48-well plate prior to the experiment. On the following
day, cells were washed one time with PBS followed by NP
treatment (25 nM/well) and further incubated with or without
10% serum for 3 h (or 24 h). Following incubation, cells were lysed
and the intracellular gold amount was measured using inductively
coupled plasma mass spectrometry (Elan 6100, PerkinElmer,
Shelton, CT, USA). Each cell uptake experiment was done in
triplicate, and each replicate was measured five times by ICP-MS.
ICP-MS operating conditions are as below: rf power 1600 W;
plasma Ar Flow rate, 15 mL/min, nebulizer Ar flow rate,
0.98 mL/min and dwell time, 45 ms.

Hemolysis. Red blood cells were purified from citrate-stabilized
human whole blood (pooled, mixed gender) by multiple cycles of
centrifugation and dilution in PBS (5000 rpm, 5 min). The purified
RBCs were then diluted in 10 mL of PBS and kept on ice during the
sample preparation. Then, 0.1 mL of RBC solution was added to
0.4 mL of NP solution in PBS in a 1.5 mL centrifuge tube (Fisher)
and mixed gently by pipetting (NPs at a final concentration of 250
and 500 nM). RBCs incubated with PBS and water were used as
negative and positive control, respectively. All NP samples as well
as controls were prepared in triplicate. The mixture was incubated
at 37 °C for 30 min, 6 h, and 24 h while shaking at 150 rpm. After
incubation, the solution was centrifuged at 4000 rpm for 5 min
and 100 uL of supernatant was transferred to a 96-well plate.
The absorbance value of the supernatant was measured at 570 nm
using a microplate reader (SpectraMax M2, Molecular Devices)
with absorbance at 655 nm as a reference. To determine hemolysis
in the presence of plasma, NPs were preincubated in 55% of
plasma solution in PBS (v/v) for 30 min at 37 °C. After the
preincubation period, 0.1 mL of washed RBCs was added to the
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solution and further incubated for 24 h. The percent hemolysis was
calculated with the absorbance of each sample and the controls
using the following formula:

%hemolysis = (sample — negative)/(positive — negative) x 100

where “negative” and “positive” indicate the absorbance of the
negative and the positive controls, respectively. To corroborate
that the lack of hemolytic properties was not due to precipitation
of NPs in the presence of RBCs, sedimentation experiments were
done in PBS both in the presence and in the absence of RBCs. A
control with no NPs was used to remove the background. As
observed in Figure S23, the differences in the absorbance in the
presence and absence of RBCs are not significant, indicating that
NPs remained in the solution for both cases.

Cell Viability. The cell viability was determined by alamar blue
assay according to manufacturer protocol (Life Technologies,
DAL1100). MCF7 cells (15000 cells/well) were seeded in a 96-
well plate 24 h prior to the experiment. On the following day,
the old medium was aspirated and the cells were washed with
PBS one time. NPs ZMe—ZDiPen (25 nM each) were then
incubated with the cells in 10% serum containing media for
24 h at 37 °C. After the incubation period, the cells were washed
three times with PBS and 220 uL of 10% alamar blue solution in
serum-containing media was added to each well and cells were
further incubated at 37 °C for 3 h. After 3 h, 200 uL of solution
from each well were taken out and loaded in a 96-well black
microplate. Red fluorescence, resulting from the reduction
of the alamar blue solution by viable cells, was measured
(ex: 560 nm, em: 590 nm) on a SpectroMax M2 microplate
reader (Molecular Device). Viability (%) of NP-treated cells was
calculated taking untreated cells as 100% viable. All experi-
ments were performed using at least four parallel replicates.
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